Larry Hench's 45S5 Bioglass ® has been used in more than a million patients as a synthetic bone graft, in the form of a particulate. Bioglass is able to stimulate more bone regeneration than other bioactive ceramics. However, it is not commercially available as a porous scaffold with amorphous glass structure because the 45S5 composition crystallises during sintering. The sol-gel foaming process was developed in Hench's laboratory to overcome this problem. Here, we concisely review the work on scaffold development from Hench's group and report new data that show maximum compressive strengths in excess of 5 MPa can be achieved while maintaining the interconnected pore networks required for vascularised bone ingrowth. This was achieved through optimisation of sintering of the sol-gel foams.
Introduction
Larry Hench's 45S5 Bioglass ® was the first artificial material found to form a bond with bone 1, 2 , launching the field of bioactive materials 3 . It has the composition 46.1 mol% SiO2, 24.4 mol% Na2O, 26.9 mol% CaO and 2.6 mol% P2O5. In vivo studies showed bioactive glasses bond with bone more rapidly than other bioceramics 4 , such as synthetic hydroxyapatite and apatite/wollastonite glass-ceramic. To find out why Bioglass had this enhanced osteogenic potential, Hench formed a Tissue Engineering and Regenerative Medicine Centre with Professor Dame Julia Polak. Their in vitro studies indicated their osteogenic properties are due to their dissolution products stimulating osteoprogenitor cells at the genetic level [5] [6] [7] [8] . A common strategy for bone regeneration is the implantation of a synthetic bone graft to act as a temporary template (scaffold) for bone growth 9 . The role of the scaffold is to provide a platform on which bone cells can produce new bone matrix. The scaffold must bond with bone (be bioactive), biodegrade at a controlled rate, provide adequate mechanical support and have an interconnected pore network that allows vascularised bone ingrowth, which is hypothesised to be diameters in excess of 100 m [9] [10] [11] . Synthetic hydroxyapatite (HA) is commercially available in porous granules and blocks with pore networks that mimic cancellous bone 12 . The original Bioglass cannot be sintered into large scaffolds while maintaining its amorphous structure because the crystallisation onset temperature is too close to its glass transition temperature (Tg) 13 .
Tg must be surpassed to enable viscous flow sintering, but crystallisation reduces control of dissolution and reduces bioactivity of the material 13 . This can be overcome, either by tailoring the glass composition to allow sintering 13, 14 , or by using the bottom-up sol-gel approach. Using sol-gel, bioactive glass networks assemble at room temperature 15, 16 . As melting is not required, sodium is not needed in sol-gel compositions, so typical compositions are ternary 15 , e.g. 58S (60 mol% SiO2, 36 mol% CaO, 4 mol% P2O5) or binary, e.g. 70S30C (70 mol% SiO2, 30 mol% CaO) 17, 18 . Sol-gel glasses are inherently nanoporous, the pores form at the interstices between coalesced silica nanoparticles 16 and their size (6-17 nm for 70S30C and 58S 19, 20 ) depends on the precursors used, the glass composition and pH 15, 21 .
Sepulveda, Jones and Hench used the sol to gel transition, which is the formation of -Si-O-Si-network (polycondensation of Si-OH groups), to produce porous scaffolds that mimic the macropore architecture of cancellous bone [22] [23] [24] . They introduced a foaming step (vigorous agitation of the sol with surfactant) into the conventional sol-gel process 22 . The gelation time was accelerated by adding hydrofluoric acid (HF) so that polycondensation occurred in a few minutes. The many variables in the process and their effect on structure property relationships were investigated 23, [25] [26] [27] [28] [29] . The process was also up-scaled 27 . By sintering at 800C for 2 h, compressive strengths of 2.26 MPa were achieved with a modal interconnect diameter of 100 m between spherical pores with diameters of 300-600 m at 82% porosity 23 . This is only just inside the range of compressive strength of the trabecular bone (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Improved strength is needed.
In vitro cell culture of human osteoblasts on the foams showed that the glass stimulated mineralised bone nodule formation without addition of growth factors or hormones [30] [31] [32] . Osteoclasts also seem to remodel the glass surface in culture 33 . In vivo studies confirmed the foams can regenerate bone defects and the scaffolds degrade over time 34 .
The reduction in compressive strength of these scaffolds as a function of dissolution time has not been reported in the literature. Sol-gel foaming was replicated by various groups [35] [36] [37] [38] [39] .
The aim here was to investigate whether the compressive strength of the foams could be improved without losing the interconnected pore network, and how immersion in simulated body fluid affects strength. Previous work found crystallisation of the 70S30C composition onset at 845 C 23 . To avoid the risk of crystallisation, sintering temperature could not be increased above 800 C therefore sintering time was investigated.
Materials and Methods
Scaffolds were produced by sol-gel foaming, with the 70S30C composition (70 mol% SiO2, 30 mol% CaO) as previously described 23, 27 . Sol was prepared by mixing the following reagents (in order): deionised water, 2N nitric acid, tetraethyl orthosilicate (TEOS), and calcium nitrate tetrahydrate (all Sigma) at a molar ratio of water to TEOS (R ratio) of 12:1. 50 ml aliquots of sol were foamed by vigorous agitation (Kenwood electric hand mixer) with 0.5 ml Teepol (Thames Mead Ltd.) and 1.5 ml 5 vol% HF (a gelation catalyst). Teepol contains a low concentration mixture of anionic (15%) and nonionic surfactants (5%). As the gelation point neared, the foamed sol was poured into cylindrical polymethyl pentene moulds, which were then sealed. The samples were aged (60C), dried (130C) and thermally stabilised (600C) then furnace cooled. Cylindrical foams were produced with a geometrically measured bulk density of 0.21 ± 0.02 gcm -3 and reheated to 600C (10C min -1 ), held at 600C for 1 h and then heated (again at 10C min -1 ) to sintering temperature of 750C, 775C or 800C and held for 2 h or 4 h before furnace cooling. They were then cut, using a scalpel, into blocks of 15 x 5 x 5 mm and 5 mm cubes.
Percentage porosity was calculated using % porosity = 1-r , where r is the relative density, where r = f /s, with f being the geometrical foam density and s the skeletal density 40 , determined from helium pycnometry (Quantachrome). X-ray diffraction (XRD) patterns were obtained on crushed foams using a Philips PW 1700 series automated XRD spectrometer, using a step scanning method with Cukα radiation, at 40 kV and 40 mA, with a 0.040 2θ step and a count rate of 30 s per step, from 2θ values of 10 to 50. A LEO 1525 scanning electron microscope (SEM) equipped with a GEMINI field emission column was used to image the foamed scaffolds. Fragments of foamed scaffolds were mounted on sticky carbon tape and sputter coated with chromium to a maximum thickness of 15 nm before imaging. Images were collected on the in-lens secondary electron detector with an operating voltage of 5 kV and a working distance of 5-8 mm. The interconnected pore size distributions were obtained by mercury intrusion porosimetry (Quantachrome PoreMaster 33).
Compression tests were carried out on foams 15 (h) x 5 x 5 mm using a Zwick with a parallel plate crosshead velocity of 0.5 mm min -1 and a 500 N load cell. Five samples were used for each condition. Microcomputed tomography (μCT ) was performed on a bioactive glass foam 4 (h) x 7 x 7 mm sintered at 800 o C for 2 h after it had just fractured under compression loading. Scans were performed using a commercial μCT unit (Phoenix X-ray Systems and Services GmbH) at 8 μm voxel resolution.
Foam cubes (5 mm dimensions) were immersed in 50 ml of (SBF) 41 at 37 o C and 175 rpm for 1, 4, 8, 24 and 168 h according to an agreed protocol for bioactive glass testing 42 . Since that the cube sized samples were not cut into constant shapes, the amount of the SBF needed was calculated to maintain a consistent mass to SBF volume ratio of 1.5 mg ml -1 42 . Filtered SBF (using 1 m retention filter paper) was analysed by inductive coupled plasma spectroscopy (ICP, ARL instruments). The instrument detection limits for Si, Ca and P were 0.05, 0.10 and 0.20 g ml -1 respectively. The scaffolds were dried in acetone and analysed by Fourier transform infrared spectroscopy (FTIR) to monitor the growth of the HCA layer. For collection of FTIR spectra, scaffolds were ground in KBr with a glass to KBr dilution ratio of 1:100. Spectra were collected using a Mattson Genesis II spectrometer, with a Pike Technologies EasiDiff diffuse reflectance accessory. Figure 1a is a photograph of foam scaffolds post stabilisation, where the foam was dried and heated to 600C (left) and a similar scaffold following the same thermal stabilisation at 600C and then further sintering at 800C for 2 h. As 800C was above Tg for the 70S30C glass composition (TG ONSET = 717C 23 ), shrinkage of the scaffold was observed due to viscous flow and further Si-O-Si bond formation through condensation. Pores that were visible to the naked eye were no longer visible after sintering. Figure 1b shows a fracture surface of a stabilised scaffold imaged under SEM.
Results and Discussion
Interconnects between pores are visible (black holes). Other interconnects were present, but are out of the plane of the image. Figure 1c shows that the pores were highly interconnected in 3D (voxel size was 8 µm). In order to determine whether the pore networks are suitable for bone regeneration, interconnects must be in excess of 100 µm, to allow vascularised bone ingrowth 10 . Figure 2 shows interconnect and pore size distributions for bioactive sol-gel foam scaffolds, stabilised at 600ºC with initial f (foam density) of 0.22 ± 0.02 g cm -3 and porosity of 92% , then sintered to 800ºC to give a f (foam density) of 0.41 ± 0.02 g cm - 3 and porosity of 85%. Modal sizes were excess of 100 µm after stabilisation and sintering. After stabilisation at 600ºC, the modal interconnect size was 153 µm by mercury porosimetry, decreasing 97 µm after sintering 24 . Modal pore diameters from X-ray microtomography (µCT) were 743 µm after stabilization, decreasing to 561 µm after sintering 24 . While the interconnect size is most important for tissue ingrowth, percentage porosity has the largest effect on compressive strength 40 .
In this study, after thermal stabilisation at 600ºC, the foam density was 0.21 ± 0.02 g cm -3 , with a percentage porosity of 93%. Note the percentage porosity was high due to the presence of strut nanoporosity that is inherent to the sol-gel process 23 . Figure 3 shows the interconnect diameter distributions for each condition tested. XRD patterns showed amorphous halos for all conditions (data not shown), which was expected as sintering was below the Tc ONSET for the composition. Table 1 shows the structural and mechanical characterisation results and time to HCA formation in SBF for the scaffolds in this study. Sintering at 750 ºC for 4 h did not increase the foam density of the scaffolds. The modal interconnect diameter was 104 µm and compressive strength was 2.3 MPa, which was similar to the maximum strength obtained in previous studies, where scaffolds sintered for 2 h at 800C 23 . Sintering for 2 h at 800C, in this study, increased the foam density to 0.45 ± 0.02 g cm -3 , but the modal interconnect diameter was larger, at 116 m. The increase in density was due to the increase in bridging oxygen bonds, decrease in non-bridging bonds (reduction in Si-OH groups) due to the polycondensation process and viscous flow. Previous data support this, with nitrogen sorption data showing modal nanopore diameter to decrease from 17 nm to 12 nm 23 and calculations from solid state proton MAS NMR studies indicating that the ratio of Si:OH in the glass increased from 2.0 to 8.7 43 as sintering temperature increased from 600C to 800C (2 h dwells).
Compressive strength, of scaffolds sintered at 800C for 2 h, was higher than previously reported even though the modal interconnected pore diameter and percentage porosity were higher. Modal interconnected pore diameter was previously 98 µm, compared to 116 µm, and percentage porosity was 82%, compared to 84% here. Previous studies used foams that were 27 mm in diameter and 9 mm in height. Here samples were taller than they were wide (15 mm (h) x 5 x 5 mm). The higher compressive strength measured in this study could be due to the difference in the sample sizes used. In the previous study samples with volume >5000 mm3 were used while in this study it was ~375 mm3, this is more than 13 times less, which means there would be much lower number of flaws inherent to the material within the smaller samples used in this study when compared to the previous study.
Sintering for 4 h at 800C reduced the interconnect size from 116 m to 31 m, but the compressive strength remained similar. There was therefore no benefit to sinter for longer for bone regeneration applications as the interconnect size became too small. Sintering for longer time seemed to cause reduction in interconnect size in general because sintering at 775C for 4 h produced a smaller interconnect diameter than sintering at 800C for 2 h. The extra time holding above Tg seems to cause excess viscous flow. Sintering should therefore not exceed 2 h for sol-gel foams.
Apatite formation in SBF
Apatite formation in SBF is an approximate indication of whether the scaffolds will form HCA in vivo 44, 45 . FTIR spectra can contain P-O bending bands at ~571 and 602 cm -1 that represent crystalline orthophosphate, which, for bioactive glasses in SBF, is likely to be HCA. In FTIR spectra of scaffolds that were immersed in SBF for 1 to 8 h, dual P-O bending bands were not present on any scaffolds, indicating there was no HCA layer present. However, after 4 h, a broad band was observed in spectra taken from all scaffolds, between 620 and 550 cm -1 , which is often considered to signify amorphous calcium phosphate deposition (data not shown). Figure 5 shows FTIR spectra for the sol-gel foam scaffolds following immersion in SBF for 24 h ( Figure   5a ) and 1 week (Figure 5b ). After 24 h, P-O bending bands were found at wavenumbers 563 and 605 cm -1 in spectra from scaffolds sintered at 750 º C and 775 C for 4 h. After 1 week, P-O bending bands were present in spectra from all samples.
Compressive strength after immersion in SBF
Compressive strength was measured after scaffolds were immersed in SBF. The sintering protocol of 800C for 2 h was used for the scaffolds. Samples used in this study had a slightly higher foam density (0.6 g cm -3 compared to the 0. This would imply bone ingrowth should begin before 1 week in vivo, to prevent the risk of fracture. In vivo studies on 70S30C foam scaffolds showed excellent vascularized bone ingrowth after 11 weeks 34 , in a rat tibia model, but only when the foams were preconditioned in culture media for 3 days in vitro. This was attributed to the scaffolds that were not preconditioned releasing a burst of Ca 2+ that remained trapped inside the pores, causing a local pH increase inside the pores. Figure 6a shows FTIR spectra of the scaffolds used in the SBF study. It shows that HCA formation started at 24 h and 3 days immersion in SBF. SEM images show that a precipitate formed on the the surface of the scaffolds after 3 days ( Figure 6b ) and matured into typical HCA-like morphology after 7 days (Figure 6c ).
Conclusions
Bioactive sol-gel foams developed in Hench's laboratory were the first amorphous bioactive glass scaffolds with interconnected pore networks that mimic the morphology of cancellous bone with interconnects suitable for vascularised bone ingrowth. The 70S30C composition with modal interconnect diameters of 116 m can be made to have a compressive strength of 4.6 MPa. Immersion in SBF for three days has little effect on mechanical properties or percentage porosity but after 1 week, compressive strength can be decreased to less than half of the dry value. 
